Introduction
Azobenzene-containing polymers have been attracting much attention due to their potential applicability for optical storage media, surface grating optics and aligning films for liquid crystal (LC) display devices. [ 1 ] Their photoresponsiveness is based not only on the reversible structural deformation due to E-to-Z photoisomerization, but also on the manipulation of molecular axis to this type of chromophores. Linearly polarized light (LPL) irradiation of thin films of amorphous [2] as well as liquidcrystalline polymers [3, 4] with azobenzene side chains induces the molecular reorientation to result in the generation of optical anisotropy. The LPL-induced optical anisotropy is an interesting phenomenon from both fundamental and practical standpoints.
We reported previously that LPL-irradiation of thin films of azobenzene-containing polymers attached to substrate surfaces triggers uniaxially aligned homogeneous alignment of nematic LC layers. [5, 6] The photomanipulation of LC alignment assisted by this kind of command layers is of practical significances in applying to produce LC-aligning films required for the fabrication of LC display devices. [7, 8] Though azobenzene polymer films are one of the candidate materials to produce LC-aligning films in a non-contact method, they have a drawback for this purpose due to the reversibility of the photochemical as well as thermal isomerization.
It has been revealed that the LC alignment by LPL irradiation is remarkably influenced by molecular structures as well as the level of anisotropic orientation of azobenzene chromophores.
From a practical viewpoint, thin films with high optical anisotropy and excellent thermal stability are highly required for the photomanipulation of LC alignment. During our systematic studies on the level and thermal stability of LPL-induced dichroism of various kinds of azobenzenes tethered to polymethacrylates, it was recently found that a polymethacrylate with p-cyanoazobenzene residues exhibited LPL-induced dichroism with extraordinarily thermal stability. [9] In this respect, the elucidation of the substituent effect on the thermal stability of photoalignment is highly needed.
We herein describe the substituent effect of azobenzene on photochemistry, polarization photochemistry and orientational thermostability of azobenzene side chains attached to polymethacrylate backbones.
Methods 2.1. Materials
A nematic liquid crystal, NPC-02 (TNI = 35 °C), was kindly donated by Rodic Co., Ltd. Chemical structures of azobenzene-containing polymers are shown in Fig. 1 . The azobenzene-containing polymethacrylates (1, 2, and 3 in Fig. 1 and Table  1 ) were prepared through radical polymerization, followed by precipitation of THE solutions in methanol for the purification. Their physical properties are summarized in Table 1 . Thin films of the polymers of 20-30 nm in thickness on fused silica plates were prepared by spin-coating technique.
Physical measurements
Thermal properties of the polymers were analyzed at a rate of 10 °C mind with DSC 220 of Seiko Electronics Industry.
Gel permeation chromatography was performed using a JASCO Intelligent UV detector. Electronic absorption spectra were taken on a Hewlett-Packerd 8452A diode array spectrophotometer.
Photoirradiation
Light from a Hg-Xe lamp (Supercure-203 S, San-ei Electric MFG. Co.) was passed through suitable glass filters (Toshiba) to select light at 365 nin and 436 nm. Linearly polarized light was obtained with a Glan-Thomson prism.
Cell assembly and alignment evaluation
A hybrid LC cell was assembled using a glass plate spin-cast with a photoirradiated azobenzene polymer film and a glass plate treated with lecithin and filled with NPC-02 by a capillary method. A cell gap was adjusted by spherical glass spacers with a diameter of 5 µm. Alignment textures of LC layer were observed with a polarizing microscope (Olympus BH-2). The LC alignment was determined by passing a linearly polarized HeNe laser through the cell, as described in our previous papers. [ 10] 3. Results and discussion 3. 
Photoinduced dichroism
Irradiation of thin films with LPL induces a local change in orientational distribution of azoberizenes by E/Z photoisomerization to give optical anisotropy. Fig. 3 shows photoinduced dichroism expressed as dichroic ratio (DR) upon irradiation with linearly polarized 436 nm light at an ambient temperature. DR values were estimated by measuring polarized absorption spectra and defined as the following equation:
where Al and A" denote absorbances at 2max perpendicular to and in parallel with the electric vector of the light, respectively. DR values of 2 were higher than those of 1 and 3 at the early stage of LPL-irradiation and eventually leveled off at an exposure energy of 6 J cmr2. On the other hand, DR increased gradually for 1 and 3 even at exposure energies of 7 J c1112 or more. The difference among their DR curves reflects the photochemical behavior of thin films mentioned above. Since the photoisomerization for 1 and 3 is highly suppressed when compared with 2, the photo-reorientation of the substituted chromophores is retarded. DR values of 2 and 3 gradually decreased concomitantly upon annealing at the temperature below Tg of the polymers, whereas DR of 1 leveled off after heating for 120 min or longer.
The decreases of DR values in the early stage of the annealing are contributable to the thermal relaxation of polymer chains releasing from photoinduced strained conformation in addition to the perturbation due to Z-to-E thermal isomerization.
Annealing of the LPL-irradiated films of 2 and 3 above the Tg caused thorough disappearance of the photodichroism.
In a keen contrast to these cases, anomalous enhancement of DR values was observed for a film of 1 with p-cyanoazobenzene residues, as indicated in Fig Since the ability of 2 to achieve LC alignment control was described in our previous paper, the present study has been carried out to review the substituent effect of azobenzene chromophores on the thermal stability of LC alignment induced by the polymer 1, 2 and 3. It was reported previously that homogeneous alignment induced by LPL-irradiated films of 2 disappears gradually even at room temperature. On the other hand, an LC cell fabricated by using LPL-irradiated film of 2 having p-ethoxycarbonyl substltuent exhibits homogeneous alignment with high stability at room temperature.
When the cell was annealed at 100 °C for 1 h, the LC orientation changed from homogeneous to homeotropic alignment, which was confirmed by conoscope observation.
In a keen contrast to these results, LPL-irradiated films of 1 with cyano group exhibited outstanding thermal stability of homogeneous alignment. When an LC cell fabricated by using films of 1, which were exposed in advance to LPL of an exposure dose of 1 J cm2, and annealed at 240 °C for 5 min, photogenerated homogeneous alignment was not altered at all after heating the cell at 60 °C for 4 h and subsequently at 100 °C for 1 h, as shown in Fig. 6 
